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ABSTRACT

Ground water with a high concentration of magnesium ion is known to cause deterioration to portland
cement concretes. A proposed mechanism for this deterioration process published previously involves
an approximate 1:1 replacement of Ca ions by Mg ions in the crystalline phases of hydrated cement.
The current study was undertaken to determine which ions, among magnesium, chloride, and sulfate,
cause deterioration; whether their deleterious action is individual or interdependent; and to relate this
mechanism of deterioration to the outlook for a 100-yr service life of concretes used in mass
placements at the Waste Isolation Pilot Plant.

Loss of Ca ion by cement pastes was found to be strongly related to the concentration of Mg ion in
simulated ground-water solutions in which the paste samples were aged. This was true of both salt-
containing and conventional cement pastes. No other ion in the solutions exerted a strong effect on
Ca loss. Mg ion did not accumulate in the chemically altered cement paste at the same rate that Ca
was lost. Ca-ion loss was more than six times the Mg-ion gain. No crystalline Mg-bearing phases
were detected in the deteriorated pastes.

Ca ion left first from calcium hydroxide in the pastes, depleting all calcium hydroxide by 60 days.
Some calcium silicate hydrate remained even after 90 days in the solutions with the highest
concentration of Mg ion, while the paste samples deteriorated noticeably. Softening of the samples
occurred without complete destruction of calcium silicate hydrate, and with no apparent formation of
magnesium silicate hydrate. The results indicated a,mechanism that involves dissolution of Ca phases
and transport of Ca ions to the surface of the sample, followed by formation of Mg-bearing phases at
this reaction surface rather than directly by substitution within the microstructure of hydrated cement.

Given that calcium hydroxide and calcium silicate hydrate are the principal strength-giving phases of
hydrated cement, this mechanism indicates the likelihood of significant loss of integrity of a concrete
exposed to Mg-bearing ground water at the WIPP. The rate of deterioration ultimately will depend
on Mg-ion concentration, the microstructure materials of the concrete exposed to that groundwater,
and the availability of brine.
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BACKGROUND

The Waste Isolation Pilot Plant (WIPP) is a research and development facility of the

U.S. Department of Energy. Its purpose is to demonstrate safe disposal of radioactive wastes from

U.S. Defense activities. For nearly 20 years, the U.S. Army Engineer Waterways Experiment

Station (WES) has provided research support to Sandia National Laboratories (SNL) involving

cement-based grouts and concretes proposed for use in the WIPP facility.

One of the objectives of this research support at WES in recent years has been to develop

concrete for use in the WIPP at the proposed repository horizon, and determine experimentally

whether it will be durable for the approximate 100-yr operating life of the facility. Ground waters at

the WIPP facility horizon (656 m underground) and close above it include high concentrations of a

variety of ions, some of which are known to cause deterioration and loss of strength in hardened

concrete in many environments. Most notable of these ions in WIPP ground waters are magnesium,

sulfate, and to a lesser degree, chloride (Lambert et al., 1992).

Previous Work at WES Showing Deterioration Associated with Magnesium Ions

In 1990, 5-yr-old concrete in the liner of the WIPP waste-handling shafl was found to have

deteriorated. One major conclusion from these studies was that observed deterioration was related to

high magnesium ion levels in the ground water (Wakeley et al., 1992; Lankard, 1990). Following

this study, laboratory work was initiated at the WES to determine the extent to which some of the

concrete mixtures and materials being considered for use at the WIPP were adversely affected by a

simulated, worst-case, high-magnesium ion ground water. The simulated ground water used for that

research was formulated by Lambert and designated H-l RSCM. Its composition was reported by

Wakeley et al. (1992).

The results of the laboratory work had indicated that all of the mixtures under test were

sensitive to H- lRSCM to varying degrees. The mechanism of deterioration was not identified

because of the complex chemical compositions of both the brine and the cement-based mixtures

chosen for study. Because the simulated ground water was highly concentrated in magnesium (Mg),

sulfate, and chloride ions, it was difllcult to tell which of these was causing most of the damage. The

cementitious materials were mixtures of portland cement, with and without different fly ashes and

1



shrinkage-compensating components. These different cementitious or pozzolanic components gave

each mixture a complex initial phase assemblage. The cement and fly ash each was a source of the

hydrated phases with potential to react with Mg. The dolomitic aggregates also had been

deteriorated, had lost strength, and could have contributed to the reaction products identified from this

concrete.

While it was clear from the studies involving H-lRSCM that Mg ion was a factor in.

deterioration and loss of strength of these cementitious systems, it also was clear that studies of more;

simplified systems were more likely to reveal the mechanism of deterioration. It is important to know

the mechanism, first so that the chemical threat to concrete performance, if any, is understood; and.

second, understanding of the mechanism is a tool to use in formulating materials systems with

improved resistance to deterioration or identifying other necessary engineered barriers.

Hypotheses of the Deterioration

Earlier conclusions about the effect of Mg on hardened

Mechanism

cement paste, which is the strength-

giving component of concrete, were derived from work on sulfate-attack problems and other forms

of chemical deterioration of reinforced concrete in contact with sea water. Magnesium is a significant

component of seawater, and its potential to initiate chemical changes to cement paste has been

reported wide]y (Mather, 1966; Buck et al., 1984; Massazza, 1985; Bonen and Cohen, 1992).

There has been some research on the effects of other Mg salts (Biczok, 1972; Ftikos ancl

Parissakis, 1985; Helmy et al., 1991; Kuenning, 1966; Oberst-Padtberg, 1985; Smolczyk, 1968),,

although this subject commonly has been a side issue to a study with some other focus. Tlm

deterioration mechanism for the action of magnesium has been proposed as a two-step process.

First, water containing magnesium ions penetrates into the hardened paste and precipitates as

magnesium hydroxide (MH) when it encounters the high-pH pore fluid -which is a saturated solution

of calcium hydroxide (CH). Most of the calcium hydroxide exists in the solid state. Calcium (Ca) is

solubilized from solid calcium hydroxide by a reaction between calcium hydroxide and magnesium

ions and can diffuse out of the paste if a concentration gradient exists. The following reaction

illustrates this process:

2



Ca(OH)JsolidJ+Ca2++20H’ -+Mg2+[solution]-Mg(OH)2+Ca2+

Since MH is very insoluble, its precipitation depletes OH- from solution, causing more CH to dissolve

to maintain the pore fluid in a saturated condition. Consequently, CH in the solid state can become

severely depleted. MH occupies a larger volume than the CH it replaces, causing microfractures in

the paste and allowing further entry of aggressive fluids.

The second step of the proposed mechanism continues as Mg enters an exchange reaction for

the Ca in calcium silicate hydrate (CSH), eventually forming magnesium silicate hydrate (MSH),

which is non-cementitious. The following reaction approximates the case of sea water, where the

sulfate ion is important (Mather, 1966).

3CaO”2Si02wHzO+MgS04<aS04 Wi20+Mg(O~2 +sio2”nH20

dMg(oH)2+si02.nH204MgOi$i02-8.5H20+ (n-4.5) H20

There may also be secondary effects due to the anions in the brine, which may not be covered

by above reactions. Sulfate and chloride ions react with aluminates in the cement paste to form

calcium sulfoaluminate and calcium chloroaluminate, respectively. Both of these compounds have the

potential to be destructive, depending on how and when they form in the paste. These secondary

effects could exacerbate the hypothesized primary effect of magnesium on calcium silicate hydrate.

This proposed two-step deterioration process, though plausible, was not confirmed by analyses

of the reaction products from H- lRSCM brine and various cementitious solids. There was very little,

if any, direct evidence that MSH or other magnesium-bearing compounds had formed in the

deteriorated solids (Wakeley et al., 1992). And there was no compelling evidence that the sulfates in

the simulated ground water were causing any serious degradation, although sulfate attack had been

proposed as a deterioration mechanism for the WIPP waste-shaft-liner concrete (Lankard, 1991).

Purpose of the Research Reported Here

This work was undertaken to identity mechanisms of deterioration of cement paste caused by

magnesium, chloride, and sulfate, and to determine whether the deleterious effects of these ions are

3



individual or interdependent. A further purpose was to relate mechanisms of deterioration to the

likelihood that amass concrete will serve asintended for the 100-yroperating life of the repository.

The presence of brines with abundant magnesium, sulfate and chloride in the Salado Formation

creates a potential y difficult service environment for portland-cement concretes to be used as seal

components. Concrete is the most practical material to use for large-scale load-bearing members c~f

the seal system. If the concrete could be placed in brine-free regions of the repository, where no

brine is present, the potential for chemical deterioration would be minimal. However, brines can

migrate. Also, load-bearing members may be required in areas where brines are unavoidable.

Therefore, the nature and likelihood of interactions between concrete and brine control the potential

for acceptable service.



SELECTION OF MATERIALS AND SPECIMENS

The basis for selection of materials for the experimental matrix was twofold. First, materials

used for fabricating specimens had to be related directly to the overall WIPP materials research

program at the WES. The research on geochemical stability of cement-based seals needs to provide

information useful to the research and development of candidate concretes. Therefore, it must

involve materials that are realistic candidates for concrete components. For this reason, cements with

no tricalcium aluminate (C~A) were not considered because they are not readily available. Those with

a high percentage of C~A were omitted from consideration because of their susceptibility to several

forms of chemical attack in this environment.

The second basis for selection of materials was the need to keep the system simple enough that

reaction products could be related to reaction mechanisms between portland cement and brine

components. F1y ash and shrinkage-compensating admixtures were omitted from the pastes in the

experimental matrix, even though both materials are included in the current candidate concrete. This

was to remove any question of the source of the reacted phases, by having only a single source

(cement) for the hydrated phases susceptible to reaction with magnesium ions.

The Cement Selected

The cement selected was a Class H oilwell cement. The WES has a successful history of using

this cement in grouts and concretes for underground containment systems (Gulick and Wakeley, 1989;

Wakeley, 1990). It is a major cementitious component of the Salado Mass Concrete, the mass

concrete formulation currently recommended by WES for WIPP panel seals (Appendix A).

Oilwell cement is basically a portkmd cement that has been chemically and physically

formulated to allow extended working time under conditions of elevated temperature and pressure

(Smith, 1990). The most obvious difference between oilwell cements and conventional portland

cements is the relatively coarser particle size distribution of oilwell cements. Also, this particular

cement was formulated to be resistant to chemical interaction with high levels of sulfate ion in its

service environment. Chemical and physical properties of the cement are summarized in

Appendix A.
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Brine Solutions

Published work on concrete in seawater (references given p. 2) and WES experience indicate

that magnesium, sulfate, and chloride have strong potential to initiate deterioration of hydrated cement

phases in environments where concrete is in contact with waters containing dissolved salts. These

were the ions of interest in the matrix of solutions.

Because of charge-balance constraints, concentrations of magnesium, sulfate, and chloride ions

could not be varied in completely independent ways without introducing other ions. This would have

required assumptions about the action of or interactions with the additional ions, which were

precluded by the need for simplicity. Therefore, the solution matrix was selected to create wide but

controlled variation within the constraints allowed by sodium and magnesium, present in the solutions

initially as sulfate and chloride salts. The solution matrix was established by joint effort of SNL and

WES researchers, with ion concentrations recommended by SNL.

All solutions in the matrix contained some concentration of each of the three ions of principal

interest. This simulates reality in that ground waters in the vicinity of the WIPP contain some

concentration of these ions. Brine compositions, based on analyses of waters from the Rustler

Formation, are described in Table 1. Relative concentrations of each of the three major ions are

designated as “H,” representing the highest concentration expected in ground water; “M,”

representing moderate concentrations; and “L,” representing the lowest concentration expected. The

range of concentrations varied over two orders of magnitude. This was intended to reveal whether or

not there is a threshold effect, that is, a concentration of Mg or other critical ion below which it is

not a serious problem. Also, it was intended to reveal whether each ion presents a potential for

chemical interaction with cement individually, or only in combination with one or more of the other

critical ions.

Selection of Sample Size and Shape-

Another goal of the experimental design was to use a specimen configuration that would cause

most of the volume of each specimen to undergo the prevailing reactions in a manageable length clf

time without being artificially accelerated by heat or other means. In the previous work, we had used

6
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2-in. cubes immersed in brine, which resulted in reaction gradients inward from the outside of each

cube. This zoning caused complications in carrying out the post-treatment chemical analyses: from

an analytical viewpoint, each zone was a separate sample. To avoid this diffusion-controlled zoning

in the present study, relatively thin disc specimens of hardened paste were exposed to each solution.

If deterioration was active, each specimen could be expected to undergo chemically controlled.

deterioration throughout its small thickness during a relatively short exposure time and at a.

temperature representative of the proposed repository.

Discs 3 mm thick were chosen to achieve the goal of total-volume reactivity. Samples thimer

than this were not expected to have suftlcient strength after the reactions to remain intact during

handling, photography, and preparation for analysis. With this small sample size, however, we couldl

not use compressive strength measurements to monitor the reactions by strength loss. Monitoring

progress of reactions by presence of Mg-bearing phases also was not reasonable, given that such

phases had not been positively identified as replacing cement paste. Results of the work involving

2-in. cubes had indicated that deteriorated zones always lost calcium (Wakeley et al., 1992). With

total reaction of each sample in the present study, changes in the composition of discs could be

monitored by X-ray diffraction @RD) and by nondestructive bulk chemical analysis using energy

dispersive X-ray fluorescence (bulk XRF). Changes indicated by analyses of solids could be cross-

checked by concomitant changes in brine composition, and phase composition of precipitates,

Characteristics of cement-paste specimens are summarized in Table 2.

Table 2. Characteristics of Cement-Paste Specimens

Property Description

Cement Class H Oilwell Cement

Water-Cement Ratio, by mass 0.40

Mixing Water a) saturated NaCl solution (“salt”)
b) deionized water (“non-salt”)

Disc Diameter 20 mm

Disc Thickness 3.0 mm

Mass of typical disc 2.2 grams
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Preparation of Specimens

Cement pastes were mixed according to ASTM C 305. Two types of pastes were prepared:

1) using deionized water for mixing, designated “non-salt”; and 2) made with mixing water saturated

with sodium chloride, designated “salt.” The salt-saturated condition is more meaningful to the

overall project needs, given that the candidate Salado Mass Concrete is salt-saturated. The non-salt

mixtures were included in the study because of anticipated questions about the effects on long-term

durability of initial salt-saturation of concrete. Also, they were expected to contribute to

understanding the mechanism of deterioration.

Pastes were cast in 20- by 70-mm plastic vials with snap caps, and were cured at 80° F

(simulating field temperature) for 30 days in these vials. Selection of 30 days as the age of pastes

when tests were initiated was arbitrary but reasonable. Given that properties of cement-based

materials are time dependent, the age of the cement paste when specimens were first immersed in the

test solutions could alter the rate of reactions, but not the fact that reactions occur. Exposing the

samples to brines at a very early age -- i, e. during setting and soon after -- did not seem necessary for

simulating field conditions. In panel seals or bulkheads, it is unlikely that brine will participate in

initial hydration reactions. Brine movement at the proposed repository horizon is very slow

(Krumhansl et al., 1991) and it is unlikely that a significant quantity of brine would arrive at the

interface between concrete and host rock early enough to affect formation of initial hydration

products. Thirty days was selected as a reasonable age by which concrete in a panel seal might be

exposed to a significant quantity of ground water.

After the 30 days of curing in vials, paste cylinders were demolded and cut into 3-mm-thick

discs with a diamond-bladed saw, using a light oil as a lubricant. Discs were cleaned with acetone to

remove the oil, and allowed to air dry for 24 hours. Some pastes were left in the molds and later

demolded and cut for analysis as control specimens.

Individual discs were randomly selected and each was immersed in one of the eight exposure

solutions. Volume of solution was 30 mL, which was calculated to give a ratio of magnesium ion in

solution to Ca ion in the paste of at least 10, for solutions having high (H) Mg concentration. This

was intended to insure that lack of available magnesium did not become a reaction-limiting factor

during the experiment.
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METHODS OF ANALYSIS

Chemical and Compositional Analysis

Discs were removed from the solutions after 14, 30, 60, and 90 days of immersion. The discs

removed after 14-day exposure were used for development of techniques of sample preparation and

analytical methods. Consequently, data from this early age are not reported. Discs from most

solutions were covered with a white precipitate, or crystalline growth, at all ages. Surface deposits

are described in Appendix B. This surface coating was scraped off and saved for X-ray diffraction

(XRD) analysis. Discs were then processed and analyzed for elemental composition by X-ray

fluorescence (XRF), and for mineralogical composition by XRD, as described below. Compositions

of residual brine solutions also were analyzed by XRF. The following paragraphs

preparation and analyses.

Precipitates were removed from the surface of each disc with a razor blade.

describe sample

The remaining

residue of precipitate was sanded off using 14.5-pm aluminum oxide powder. Each disc was then

washed with methanol in an ultrasonic cleaner for about 30 seconds. After washing with acetone and

drying in air, the disc was labeled and vacuum dried for 48 hours, to achieve constant mass and stop

reactions.

For XRD analysis, a portion of each disc sample was ground to pass a 45-pm sieve and loaded

into a sample holder as a random powder mount. Samples of surface precipitates were mounted as

slurries. XRD patterns were collected from samples in air at room temperature, using a Philips APD

1700 system, operated from 2 to 70°26 using Cu radiation and a scan rate of20 219 per minute.

For elemental analysis, the portion of the disc used for XRD was recovered and combined with

the rest of the disc. These were ground to pass a 45-pm sieve and ignited at 900° C for 15 minutes.

The sample was uniformly combined with boric acid (4: 1), as a binder. Each sample was pressed

into a pellet using an hydraulic press, to be analyzed using XRF. The backing of the pellet consisted

of 4.0 g of boric acid.

These samples were analyzed on a Kevex energy dispersive X-ray fluorescence spectrometer

using the Energy-dispersive X-ray Analysis Technique (EXACT). This procedure was developed by

Harmon et al. (1978), as referenced by Kevex Instruments (1990), and is included as part of the

11



Kevex proprietary software, “Toolbox” (Kevex Instruments, 1990). The procedure combines the usc

of fundamental parameters with the known composition of a single standard. The standard was ii

sample of a disc that had not been exposed to any solution, and prepared as described above. The

composition of this standard was determined as described in ASTM C 114, using atomic absorption,

gravimetric, and volumetric techniques. By convention, elemental-analysis results are expressed as

oxides.

Compositions of brine solutions also were analyzed by XRF. One rnL of solution was placed in

a plastic cup the bottom of which was a thin film of mylar. A small watch glass was placed over the

cup to prevent evaporation. The system was flushed with helium. The EXACT procedure also ww

used for these analyses, with a brine solution of known composition as a standard. The composition

of this standard solution is summarized in Appendix A. Solutions were analyzed at 14 through

60 days without modification. At 90 days, solutions were acidified with HC1, when it was apparent

that the solutions were clouded with suspended solids. Heterogeneous samples such as these can

cause bias in results, as discussed later (see Results).

Apparent Changes and Their Correction Factor

Comparison of oxide compositions among conditions from simple elemental analysis can result

in misleading conclusions. As a result of exposure to salt-bearing solutions, some of the specimens

either gained or lost chemical species, or both, This resulted in a net mass change. Because oxides

are determined as percentages of the total mass, the relative amounts of some oxides would change

as a result of mass loss or gain to the specimen, even if none of that particular oxide was gained or

lost from the paste. For example, if NaCl enters a sample of paste during exposure to solution, but

nothing leaves the paste, the analyzed composition of that paste will show a relative decrease in all of

the other components. The apparent loss will be proportional to the mass increase associated with th

NaCl. Therefore, the solid being analyzed would appear to have lost Ca, even though none actuall:y

left the system.

A direct way to compensate for this effect would be to measure mass changes of the specimens

and to correct accordingly. This direct determination of mass change was not possible because of the

precipitates that formed on the surfaces of each disc and the physical abrasion required to remove

12



them. Instead, we chose to use the apparent amount of a non-mobile oxide as a basis for a correction

procedure, as described below.

Analysis of solution chemistry showed that neither SiOz nor F~O~ were lost from the pastes as

a result of exposure to any of the solutions. This is consistent with other analyses of concretes

exposed to natural brines. Therefore, it is reasonable to assume that changes in apparent composition

of either of these oxides represents mass changes in the specimen, rather than any real gain or loss of

Fe or Si. This became the basis of a correction factor, which then was applied to the other oxide

compositions to identify real changes in percentages of other oxides.

The correction factor was calculated as the ratio of the value of the indicator oxide (either SiOz

or F~OJ) determined under control conditions, to the value after the experimental exposure. No mass

changes could have occurred under control conditions because samples were sealed in plastic vials. A

value less than unity indicates mass loss from the system. The following equation represents the

correction,

[1B
ConflolAc=A” —

Bwd

where AC is the corrected value of the oxide in question, A is the value of that oxide obtained from a

simple elemental analysis, B=- is the value of SiOz or F~O~ of the control specimen, and B_~ is

the value of SiOz or F~O~ after exposure to solution. Two different correction factors were

calculated, one each

based correction are

based on Si02 and F~O,. The values compared favorably. Values for the Si02-

in Table 4. F~O~-based correction factors are in Appendix C.

Statistical Considerations

Results from each experimental condition represent a single replicate, so it is not possible to

calculate experimental error limits direct]y from results for each condition. Given that the

experiments were intended to reveal time-dependent trends and not compare individual data points,

this was not considered a problem. However, there are instances when this kind of direct comparison

of single results from two different conditions is useful. In these instances, it is important to have an

estimate of the size of the random error component of the experiment.
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An estimate of experimental error can be obtained from the analysis of the controls. Both the

salt and the non-salt control specimens were analyzed on 3 occasions. Because these controls were

sealed in plastic vials, their composition was assumed to be constant and the three analyses are takerl

as independent replicates. Variation among these replicates gives an estimate of experimental error

based on 4 degrees of freedom. These estimates, along with 95% confidence intervals associated with

the single observation typical of the remainder of the data, are in Table 3.

Table 3. Estimates of Experimental Error Associated with Corrected Oxide
Analysis

Std. Dev. estimated 95% Confidence Intervals,
Analvte from controls sinde observations

CaO 3.47 9.64
MgO 0.04 0.10
SiO, 1.86 5.16
so, 0.13 0.37
c1 0.76 2.11

A1,O, 0.09 0.25
Na,O 0.90 2.49

If two values differ by more than the amount of the 95% confidence interval, then the

difference is probably larger than would be attributable to random error. For example, the CaO level

in paste specimens made with salt and exposed to solution 1 for 90 days was 37.29% (see observation

3, in Table 4). The CaO levels of a similar specimen exposed for 90 days to solution 3 was 30.4!5

(see observation 6, Table 4). Whereas both of the values are considerably below the initial CaO

condition, the 6.85 % difference between them is reasonably to be expected from random error, so

these data cannot be taken as conclusive evidence of a difference in effects on the cement paste of

solutions 1 and 2.
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Table 4. Oxide Analysis (%) Corrected by the SiO,-Ratio Method II
SOA 1 cl AlzOJ N~O CF3

3.34 4.30 0.868

OBS’ COND2 AGE CaO MgO FqOJ

1 1s 30 45.90 1.45 3.44

2 1s 60 41.02 1.72 3.75

3 1s 90 37.29 1.86 3.74

4 2s 30 44.45 1.59 3.44

1
I

3.66 1.68 0.807
1 i I=-4-=

3.14 I 10.20 3.65 I 4.00 I 0.758 II
I

2.49 I 10.13 3.36 I 4.55 I 0.840 I
51 2S I 60 I 38.71 I 2.68 I 3.88 2.16 ] 8.25 3.67 I 1.72 I 0.784 II

I I I I I

miEEE
2.05 I 8.47 I 3.77 I 2.80 I 0.675 II

3.69 I 7.63 I 3.28 I 5.96 I 0.998 II
3.35 7.38 3.46 5.71 0.998

3.72 7.11 3.47 5.41 0.933

4.10 2.99 3.26 I 0.65 I 0.761 II10 I 4S I 30 I 43.84 I 1.25 I 3.17

3.56 I 2.06 I 3.43 I 0.33 I 0.777 1]11 I 4s I 60 I 45.45 I 1.32 I 3.43

3.94 3.94 3.53 I 0.31 I 0.714 II12 4s 90 I 41.78 1.26
1 1 1

3.16

* w13 ! 5s 30 ! 54.78 1.23
1 1

3.25

14 ~ 5s \ 60 56.50 1.21
I I

3.66

0.95 I 6.8015 5s I 90 I 52.37 1.14
I I

3.13 3.40 I 2.54 0.880 II1
3.13 I 0.81 0.893

I I16 I 6S 30 53.21 I 1.20 3.18 6.37 I 1.01

17 I 6S I 60 I 55.24 I 1.24 =-&3.46 3.29 ! 0.72 ! 0.933 I
18 I 6S I 90 I 51.19 I 1.20 I 3.14 3.32 I 1.20 I 0.836 II7.05 1 0.59

3.17 0.45 0.848 I19 7s 30 53.42 1.16
I I 1 I

3.00

3.33 0.13 ~ 0.876
1 I20 1 7s I 60 I 54.75 I 1.20 3.22 1.95 I 1.15

1
21 I 7s I 90 I 52.51 I 1.13 I 3.06 2.101 0.98 3.43 I 0.10 I 0.822 II

~

25 Cs 30 53.06 1.24 3.24

2.081 1.51 I 3.21 I 0.36 I 0.910 II

1.96 I 1.15 I 3.33 I 0.13 I 0.872 II

2.07 1.12 3.46 0.25 0.752

2.17 7.17 3.32 4.66 0.947

2.19 7.89 3.43 5.06 1.03226 Cs 60 58.60 1.31 3.54

27 Cs 90 58.27 1.26 3.41 2.45 9.23 3.39 I 7.02 1.026
I

(Continued) II

‘ Observationnumbers from statistical-analysissoftware for reference to specific results.
2 Exposure condition, solution number from Table 1, salt (S) or non-salt (N).
3 CF = Mass correction factor based on uncorrected SiO*values, Appendix C.
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OBS1 COND2 I AGE

~
11211N 160

1 1

8 3N 60

9 3N 90

E

4N 30

11 4N 60

12 4N 90

k

13 5N 30

14 5N 60

15 5N 90

m
25 CN 30

&&t&

Table 4. (Concluded)

CaO MgO FqOJ S04 cl AlzOJ NzO CF3

51.30 1.66 3.83 3.73 8.60 3.97 2.57 0.943

49.10 2.29 4.09 3.99 9.10 4.16 1.85 0.926

42.67 2.89 3.98 4.00 10.19 4.25 3.89 0.865

54.44 2.10 4.03 3.22 8.22 4.31 2.33 0.983

46.14 1.94 3.86 2.92 7.95 4.07 2.19 0.887

39.63 2.46 3.55 2.87 8.01 4.19 1.63 0.785

66.14 1.49 3.96 4.36 6.95 3.88 4.97 1.131

66.01 1.61 3.94 5.05 6.78 4.05 4.75 1.125

60.95 1.49 3.60 4.72 5.42 4.09 3.83 1.021

50.35 1.55 4.04 4.48 2.17 4.04 0.42 0.873

53.37 1.52 3.93 4.60 2.21 4.00 0.41 0.935

47.06 1.46 3.63 4,62 1.48 4.17 0.30 0.806

63.42 1.49 3.82 2.54 7.39 3.91 4.57 1.095

63.31 1.49 3.81 2.28 6.80 3.93 2.98 1.095

62.16 1.36 3.79 2.18 6.75 3.95 3.50 1.036

63.30 1.61 3.68 6.15 0.36 3.88 0.44 1.036

64.96 1.56 3.94 8.14 0.86 3.95 0.85 1.101

60.16 1.42 3.54 8.79 0.24 4.08 0.55 0.978

58.62 1.47 3.42 2.69 0.64 3.90 0.15 0.952

62.49 1.53 3.67 2,58 0.19 4.17 0.17 1.006

58.23 1.40 3.44 2,50 0.05 4.09 0.10 0.935

61.73 1.46 3.61 2.65 0.06 3.92 0.11 0.969

59.73 1.44 3.50 2.73 0.19 3.81 0.24 0.960

55.50 1.40 3.29 2,44 0.04 4.14 0.16 0.873

61.98 1.44 3.63 2.51 0.07 3.93 0.26 1.006

66.61 1.47 3.83 2.70 0.43 3.93 0.54 1.068

59.07 1.40 3.37 2.56 0.05 4.13 0.31 0.935

II See footnotes on previous page.
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RESULTS

Composition of Discs

Data from oxide analyses of discs are in Table 4. Samples and exposure conditions are

summarized in a notation used in this and other tables. For example, “02N” means the specimen was

exposed to solution 2 and was made with mixing water containing no salt. “S” indicates salt in the

mixing water. “C” indicates control specimens, not exposed to solutions. Sometimes this notation is

followed by another number, which indicates the time of exposure. For example, “08S60” means the

specimen was made with salt in the mixing water, exposed to solution 8 for 60 days.

Data in Table 4 have been corrected by reference to

the Si02 and the Fe+O~ correction procedures revealed

SiO, values, as described previously. Both

essentially the same patterns of chemical

changes in the discs. The SiOz-based correction appeared to be a little more conservative in its

description of effects. Data plotted in the figures will be based on them, although general trends do

not differ with the correction used. Results of the primary bulk analysis of the discs along with the

corrected values obtained with the F%O~-based corrections are in Appendix C.

Table 5 summarizes the phases that were detected by X-ray diffraction (XRD) in the pastes after

14, 30, and 60 days exposure to brines. XRD data were not available for samples after 90day

exposure, due to inadvertent ignition of the specimens before XRD analyses were performed. In

Table 5, the symbol (J) for data from analyses after 30-day exposure indicates a decreased amount of

this phase compared to the amount indicated by the 14-day analysis of the same sample. In addition

to the phases described in Table 5, all samples have perceptible amounts of dicalcium silicate (C$)

and tricalcium silicate (C$), representing unhydrated cement; and calcium silicate hydrate (CSH).

Amounts of these phases remained fairly constant from 14 through 60-days exposure.

Calcium Phases

The most conspicuous brine-induced changes in the paste samples, detectable by elemental

analysis, were in CaO levels. Large amounts of CaO were lost from specimens exposed to solutions

high]y concentrated in Mg ion (solutions 1 & 2). This effect is illustrated in Figures 1 and 2. The
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Table 5. Crystalline Phases Detected by X-ray Diffraction in Pastes after Exposure to Solution

Sample 14 Days 30 Days 60 Days

salt
Control CH, NaCl, CCA CH, NaCl, CCA CH, NaCl, CCA

01s CH, Gypsum, NaCl, CCA CH J, Gypsum, NaCl, Gypsum, NaCl, CCA
CCA

02s CH, C,AF, NaCl, CCA CH J, NaCl, CCA NaCl, CCA

03s CH, NaC1, CCA CH, NaCl, CCA CH, NaCl, CCA, C,AF

04s CH, Ettringite CH J, Ettringite CH, Ettringite

05s CH, NaCl CH, NaCl, CCA CH, NaCl, CCA, C,AF

06s CH, Gypsum CH, Ettringite, Gypsum CH, Ettringite, Gypsum,
C.AF

07s CH CH CH, Ettringite

08S CH, Ettringite CH, C,AF CH

No Salt CH, Ettringite CH, Ettringite CH, Ettringite
Control

OIN CH, Ettringite, Gypsum CH J Ettringite, CCA

02N CH, Ettringite, CCA CH J, CCA Ettringite, CCA

03N CH, NaCl, Ettringite CH, NaCl, Ettringite CH, NaCl, Ettringite

04N CH, Ettringite CH J, Ettringite CH, Ettringite

05N CH, NaCl CH, NaCl CH, NaCl, Ettringite

06N CH, Ettringite, Gypsum CH, Ettringite, Gypsum CH, Ettringite, Gypsum

07N CH, Ettringite, C,AF CH, Ettringite, CdAF CH, Ettringite, CdAF

08N CH, Ettringite CH, Ettringite CH, Ettringite

In addition all samples have perceptible amounts of C2S, C,S, and CSH. The symbol (J)
indicates a decreasing amount of this phase compared to the earlier X-ray pattern of the same
sample.

CH = calcium hydroxide
CCA = tetracalcium aluminate dichloride-10-hydrate
CdAF = tetracalcium aluminoferrite
CZS = dicalcium silicate
C$ = tricalcium silicate
CSH = calcium silicate hydrate
Ettringite = 6-calcium aluminate trisulfate-32-hydrate
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Figure 1. Percentage of CaO remaining in non-salt paste specimens.
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loss rate appears to be relatively linear, particularly in the case of solution 2, and continuous through

90 days. Linear regression analysis of these data are presented in Table 6. Loss rates ranged from

0.21 to 0.28% per day. The presence of salt in the mixing water did not appear to exacerbate the

CaO-loss rate, although this cannot be concluded definitively without more replication, which is

underway.

Table 6. Loss Rates of CaO Estimated from Linear Regression

Exposure saltl Loss Rate 90% Confidence
Condition Non-salt (% per day) Interval on Rate

1
2
4
8

1
2
4
8

N
N
N
N

s
s
s
s

0.21
0.27
0.14
0.08

0.21
0.28
0.14
0.08

0.12
0.03
0.19
0.05

0.11
0.09
0.20
0.06

The phase analysis indicated several changes in calcium phases that resulted from exposure to

these two solutions. Calcium hydroxide decreased with time and was no longer detectable after

60 days exposure to these solutions, both in salt and non-salt pastes. Levels of CSH appear to be

constant with time. Some calcium chloroaluminate, calcium sulfoaluminate, and calcium sulfate were

detected in pastes, but their presence appeared to depend on the concentrations of sulfate and chloride

ions in the solutions and did not appear to be related to magnesium levels. Therefore, these will be

discussed below with sulfate and chloride compounds.

Detectable, but smaller amounts of CaO were lost from specimens exposed to the solution with

a moderate Mg concentration (soln. 4), as illustrated in Figure 1. These data fit a linear model

poorly. The CaO loss under this condition was considerable between O and 30 days exposure.

Losses after 30 days were minor. Phase analysis indicated that CH was depleted between 14 and

30 days, but then persisted past 60 days.

Very small amounts of CaO were lost when specimens were exposed to deionized water. Loss

rates were 0.08 % per day (Table 6). At the level of detection allowed by this experiment, there was

no CaO lost as a result of exposure to any of the other solutions.
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There was some evidence that the CaO-loss effect in high-magnesium ion solution was

influenced by the sulfate concentration of the solutions. As illustrated in Figures 1 and 2, specimens

exposed to solution 1 (high Mg and SOd) lost less CaO at later ages than did specimens exposed to

solution 2 (high Mg, low S04). This difference was small relative to the experimental error estimated

for single observations, but the nearly exact duplication of the pattern in both the salt and non-salt

pastes may be significant.

Magnesium Phases

Patterns of magnesium accumulation in specimens are illustrated in Figures 3 and 4. Increases

in MgO content of the specimens occurred in exposure to the two solutions with high Mg ion

concentrations (solutions 1 and 2). The effect was small but detectable (outside estimated

experimental error) relative to controls at 30 days, and accumulation continued through the 90day

test age. There was no detectable accumulation as a result of exposure to solution 4, which contained

moderate levels of Mg ion.

Particularly conspicuous was the accumulation of MgO in salt-containing specimens exposed to

solution 2, which was high in magnesium and chloride, but low in sulfate. No magnesium phases

were detected in any of the disks by XRD analysis.”

Silicon Phases

Changes in SiOz evidenced by elemental analysis are believed to be due solely to relative

enrichment or depletion due to ingress or egress of other phases. When data were corrected by

reference to F~O~, all Si02 values fell within the experimental error defined by controls (see

Appendix B for these data). This conclusion was also supported by the data from analyses of post-

test solutions, presented later.

Silicon phases were detectable by XRD only as hydrated or unhydrated calcium silicates in the

pastes. Levels of these did not change perceptibly during the experiment.
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Aluminum Phases

The aluminum content of the cement was low for a portland cement, so formation of major

quantities of aluminum-based phases was not expected. Elemental analysis showed no changes in

paste concentrations of AlzO~as a result of exposure to any of the solutions. Results of XRD analysis

indicated that the aluminum was active in formation of calcium sulfoaluminate and calcium

chloroaluminate. These appeared to be controlled by the concentrations of chlorides and sulfates in

solution, and therefore,

Iron Phases

will be discussed below.

There was no evidence, from either XRF or

the reaction between hydrated cement paste and

XRD analyses, that iron played any active role in

exposure solutions. Tetracalcium aluminoferrite

(C,AF), known to be a persistent. phase in portland cement pastes, was detected after 60 days

exposure of both non-salt and salt specimens to all solutions except for high-magnesium ion solutions.

Although its presence was not always noted in XRD patterns, it does not come and go at random. Its

presence is easily masked by other phases in complex assemblages.

Sulfur Phases

Sulfate ion appeared to be relatively mobile and reactive in this system. Concentrations

appeared to be stable with time, reaching approximate equilibrium by 30 days. Figure 5 illustrates

comparative accumulations among conditions at 90 days. Sulfate accumulations were high in

specimens exposed to high or moderate sulfate ion concentrations in solution (solutions 1, 3, 4, and

6). Concentrations were particularly high in specimens exposed to solution 6, which was

characterized by low chloride, high sulfate ion concentrations. Within these patterns, sulfate contents

of non-salt specimens were always higher than those of salted specimens.

Gypsum and calcium sulfoaluminate (CSA) were the principal sulfate-containing compounds

formed, as determined by XRD. In salt-containing specimens, CSA formed only when exposure was

to solutions with low or moderate levels of chloride ion. In high-chloride high-sulfate ion solutions,
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gypsum was the principal sulfate-bearing phase. In non-salt specimens, CSA was the principal

sulfate-bearing phase. Gypsum formed from exposure to solution 6 (low chloride, high sulfate ion).

Chlorine Phases

Chloride ion also appeared to be relatively mobile and reactive. Concentrations were essentially

stable by 30 days. Figure 6 illustrates 90day patterns of Cl-ion concentrations.

In salt-containing specimens, Cl-ion concentrations were high initially and stayed at similarly

high levels when exposure was to high-Cl-ion solutions. Principal compounds identified by XRD

were NaCl and calcium chloroaluminate (CCA). When exposed to low-Cl-ion solutions,

concentrations of chloride in the specimens decreased to very low values, and these compounds

ceased to be detectable by XRD analysis.

In non-salt specimens, Cl-ion concentrations were very low initially but approached levels

comparable to the salt-containing specimens when the Cl ion concentration in the solutions was high.

Somewhat less accumulation occurred in exposure to moderate chloride levels (solution 4). Except in

exposure to solution 2, which was characterized by low sulfate concentrations, the principal Cl-

containing phase detected by XRD was NaCl. No CCA was observed except in discs stored in

solution 2.

Sodium Phases

NzO largely

concentrations were

followed the pattern exhibited by chloride, except that where magnesium

high, NzO concentrations were somewhat lower. This generally reflects the

composition of the brines. Brines with high magnesium concentrations contained less Na ion than

brines with low Mg ion concentrations. This inconsistency in sodium concentration among solutions

was necessary to maintain charge balance in the solutions. One exception to this pattern appears in a

comparison of specimens made with salt exposed to solutions 3 and 5. Sodium levels in specimens

exposed to solution 3 remain at about 5.5%, while those in specimens exposed to solution 5 drop to

about 2.5 %. The major difference in these solutions is that solution 3 contains high levels of sulfate.
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Figure 6. Total chloride in cement pastes after 90 days in solutions.
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In general, sodium levels do not change much with time over the 30 to 90 day interval

represented in these experiments. This suggests that whether or not salt was added to the cement

paste, the sodium probably reaches equilibrium in the system by about 30 days.

Phase Composition of Precipitates

Precipitates from the surfaces of four discs with the largest amount of surface accumulation

were examined by XRD after 60 days in solution (first four entries, Table 7). All precipitates were

analyzed after 90 days (Table 7). The relative amount of each phase was estimated from peak heights

in diffraction patterns. Peak height, of course, does not indicate abundance directly, and we did not

perform quantitative XRD analyses.

Working definitions of the abundance terms from Table 7 are as follows:

Major: > 30% of total sample

Minor: < 30% and > 5% of total

Trace: <5% of total sample.

The percentages given are approximations from

sample, and

experience with XRD data, and were not calculated.

These terms indicate relative amounts of the principal phases that crystallized on disc surfaces during

exposure to solutions, and do not indicate total amount of precipitate that formed. Removal of these

precipitates for analyses was diftlcult because the pastes had softened.

The amount of material precipitated on disc surfaces depended on the concentration of

magnesium ion in solution. Specimens exposed to solutions 1, 2, and 4, which were either high or

moderate in magnesium ion concentration, were coated with substantial amounts of precipitate.

Precipitates on specimens exposed to solutions with high concentrations of chloride or sulfate ion or

both, but low magnesium ion, were light. There was no perceptible precipitate on specimens exposed

to solutions 7 and 8 (lime water and deionized water, respective y). Figures 7 and 8 show

precipitates

Figure 7 is

precipitates

precipitates

on two specimens immediate y after removal from solution. The precipitate shown in

typical of exposure to solutions high in Mg and SO1 ions. Figure 8 illustrates typical

formed after exposure to solutions high in Mg, but low in SO, ions. Descriptions of all

are in Appendix B.
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Table 7. XRD Analysis of Surface Precipitates after 60 and 90 Days in Solution
1
I Phase

CaS0,*2H,0 Mg(OH)2
Sample Gypsum Brucite

01s60 Major Minor

02S60 Major

04s60 Major

01N60 Major Minor

01s90 Major Major

02S90 Major

03s90 Major

04s90 Major

05s90

06s90 Major

07s90

08S90

01N90 Major Major

02N90 Major

03N90 Major

04N90 I I Major

05N90 I I
06N90 Major Minor

07N90

NaCl
Halite

CaCO~ C~S~H~z
Calcite Ettringite

Minor

Minor

Minor

Minor

Minor

+ 1
I

+ 1

1

I

Trace
1
1

+

1

,

Trace I I

I Trace I

Minor I Minor I

Trace

Ca(OH)z
Portlandite

Major

Major

Major

Major

Major

08N90 I No detectable precipitates
1
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01
Figure 7. Photograph of specimen exposed to solution 1 for 90 days.
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02S90
Figure 8. Photograph of specimen exposed to solution 2 for 90 days.
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The composition of surface precipitates appeared to depend on the ions in solution and their

concentrations. With the exception of some halite, all were calcium-based phases. CaSO, ● 2HZ0

(gypsum) was the major compound found in surface precipitates after exposure to high-sulfate

solutions. Mg(OH)2 (brucite) was the major compound found when exposed to high- or moderate-

magnesium solutions. Both brucite and gypsum formed when both sulfate and magnesium were in

high concentration in solution. Ca(OH)z (portlandite) was found on the surface of specimens exposed.
to solutions 5, 7, and 8. These discs showed either minimal or virtually no surface accumulation, so

the CH could have been derived from inadvertent removal of paste when surfaces were scraped.

Composition of Liquid Phase

Data from post-exposure analyses of solutions are summarized in Table 8. These analyses were

conducted principally to determine whether or not cement constituents were being removed from the

hydrated cement paste as a result of exposure to the solutions. Liquid-phase analysis is particularly

usefi.d in detecting leaching of relatively small quantities of calcium-bearing cement compounds since

there is no background level of these in the liquid phase to complicate the analysis. In addition, these

analyses were used to verify that magnesium ion levels in solution were not depleted, either by

reaction with cement paste or precipitation on the specimen surface, to the point of inhibiting potential

degradation reactions. In principle, analysis of the liquid phase, along with analysis of precipitated

material and paste, should give the opportunity for mass-balance analysis among these three phases.

In practice, this is difficult because of the analytical errors. The biggest problem is in estimating the

fraction of material in the surface precipitate phases. It is diftlcult to remove all of this material

without also taking some of the disks. And there is suspended material as well. Unlike using liquid-

phase analysis for detecting loss of cement compounds, using liquid phase analysis to estimate the

concentrations of magnesium or other elements taken into the paste from solution is ditlicult. Because

there are large quantities of these elements in the solutions, and because the ratio of liquid to

specimen mass is large, relatively small changes in solution concentration occur, and these are close

to the analytical error.
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Table 8. Solutlon Chermstry after Exposure to Spemmens

OBS COND AGE Cd Mg’ Fez s’ cl’ A12 Na’

1 lN o 0.00 17.13 868 2.32 53.91 464 14.26
2 lN 14 0.54 . .
3 lN 30 0.41 17.56 37 1.16 51.43 561 12.61
4 lN 60 0.94 1455 68 1.55 52.28 555 13.41
5 lN 90 0.85 13.79 25 0.90 51.95 472 13.60

6 2N o 0.01 1269 1500 0.55 52.54 370 8.56
7 2N 14 0.86 .
8 2N 30 1.26 14.97 709 0.56 51.21 656 10.74
9 2N 60 1.84 1460 572 0.74 50.96 502 9.74
10 2N 90 2.05 14.00 135 0.80 52.34 474 10.89

11 3N o 0.00 2.30 52 2.39 65.47 796 43.65
12 3N 14 0.43 . . . .
13 3N 30 0.26 4.49 65 1.87 61.01 117 33.00
14 3N 60 1.10 9.95 60 2.12 62.10 482 39.10
15 3N 90 0.10 0.38 30 2.14 61.36 266 33.72

16 4N o 0.00 3.20 556 0.99 9.52 365 2.86
17 4N 14 1.69 .
18 4N 30 3.16 0.30 228 0.37 7.70 199 0.68
19 4N 60 4.06 0.09 130 0.37 7.00 218 0.00
20 4N 90 1.71 0.91 58 0.59 8.73 307 1.75

21 5N o 0.00 0.53 42 0.88 66.10 377 36.13
22 5N 14 0.37 .
23 5N 30 0.40 12.17 47 0.78 63.09 802 29.27
24 5N 60 0.64 12.16 54 0.79 62.78 559 30.37
25 5N 90 0.14 0.48 45 0.85 63.22 331 33.17

26 6N o 0.01 1.10 52 5.85 2.30 664 4.15
27 6N 14 0.47 .
28 6N 30 0.31 3.02 82 3.95 2.00 425 3.86
29 6N 60 1.04 3.65 67 3.94 1.86 418 3.76
30 6N 90 0.28 0.73 48 3.29 6.52 289 3.74

31 7N o 0.09 0.63 78 0.91 0.01 814 0.29
32 7N 14 1.06 .
33 7N 30 1.28 0.28 81 0.61 0.01 303 0.00
34 7N 60 1.22 0.62 70 0.75 0.02 465 0.22
35 7N 90 0.42 0.50 87 0.44 4.19 313 0.82

36 8N o 0.00 0.34 45 0.79 0.02 506 0.10
37 8N 14 0.78 . .
38 8N 30 0.84 0.81 80 0.75 0.03 553 0.76
39 8N 60 0.79 0.82 68 0.90 0.01 752 0.63
40 8N 90 0.41 0.00 92 0.18 4.12 895 0.14

(Continued)

I Pp
~ %, rnadvolume of solution, or gm/100 ml of solution.

m II
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Table 8. (Concluded)

OBS COND AGE Ca Mg Fe s c1 Al Na

1 1s o 0.00 17.13 868 2.32 53.91 464 14.26

2 1s 14 0.35 .
3 1s 30 0.42 15.50 59 0.98 52.17 354 13.37

4 1s 60 1.60 17.70 148 1.58 52.22 442 13.02

5 1s 90 0.84 10.75 69 0.77 51.53 395 11.48

6 2s o 0.01 12.69 1500 0.55 52.54 370 8.56

7 2s 14 0.91 .
8 2s 30 1.24 16.92 639 0.57 52.07 367 11.57
9 2s 60 2.00 21.04 810 0.64 52.26 415 11.81

10 2s 90 2.63 12.42 157 0.64 53.35 709 11.63

11 3s o 0.00 2.30 52 2.39 65.47 796 43.65

12 3s 14 0.44 . . .

13 3s 30 0.33 4.74 58 1.68 60.81 113 31.67

14 3s 60 0.37 9.80 62 1.92 62.18 430 36.70

15 3s 90 0.10 2.56 32 2.11 64.47 718 41.00

16 4s o 0.00 3.20 556 0.99 9.52 365 2.86
17 4s 14 1.98 .
18 4s 30 2.74 1.99 139 0.54 10.45 570 3.56

19 4s 60 3.54 0.07 225 0.70 10.80 677 3.57

20 4s 90 2.18 0.48 96 0.44 12.67 239 2.26

21 5s o 0.00 0.53 42 0.88 66.10 377 36.13

22 5s 14 0.40 . . . . . .
23 5s 30 0.38 7.60 108 0.59 62.49 363 30.11

24 5s 60 0.57 10.13 64 0.85 64.40 661 35.15

25 5s 90 0.15 2.23 40 0.69 65.17 781 36.54

26 6S o 0.01 1.10 52 5.85 2.30 664 4.15

27 6S 14 0.64 .
28 6S 30 0.65 8.86 65 3.69 4.71 348 4.91

29 6S 60 1.83 8.47 61 3.61 4.32 385 4.83

30 6S 90 0.30 1.13 58 2.67 9.37 490 5.22

31 7s o 0.09 0.63 78 0.91 0.01 814 0.29

32 7s 14 1.18 . . .

33 7s 30 1.26 0.71 119 0.49 2.35 410 1.45

34 7s 60 1.54 0.65 106 0.47 2.24 353 1.35

35 7s 90 0.43 0.00 84 0.19 5.60 896 0.24

36 8S o 0.00 0.34 45 0.79 0.02 506 0.10

37 8S 14
38 8S 30 0.75 0.00 92 0.39 2.05 262 0.00

39 8S 60 0.75 0.68 75 0.65 1.94 477 1.38

40 8S 90 0.50 0.30 47 0.39 5.18 . 0.65
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Calcium and chloride were the only ions that showed any measurable tendency to come out of

the paste. Ca ion levels increased significantly in solution 2 (high Mg, low sulfate, high Cl) and 4

(moderate Mg), but were only slightly elevated in solution 1 (high Mg, high sulfate, high Cl).

Chloride ion levels were elevated when salt-containing specimens were exposed to solutions 6, 7,

and 8. High chloride ion levels at 90 days are due to the addition of HC1 to acidify the solutions.

There was a pattern for some solutions to show higher calcium and magnesium levels at 14, 30,

and 60 days than at 90 days. This is believed to be an artifact of the acid treatment at 90 days.

Solutions that had not been acidified tended to be cloudy with suspended insoluble materials. It seems

probable that during analysis, these phases settled onto the bottom window of the XRF sample

container, thus getting preferential exposure to the incident X-rays. This caused the suspended phases

to be over-represented in the analysis up to 60 days. At 90 days, acidification caused dissolution of

these phases before the post-test solutions were analyzed. Therefore, 90day data probably more

accurately represent the total concentration of dissolved and particulate Mg and Ca compounds.

Mg ion levels showed no evidence of serious depletion in the high-Mg solutions (1 & 2), but

there was measurable depletion in solution 4 by 90 days. This occurred in solutions containing both

salt and non-salt specimens.
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INTEGRATION OF RESULTS

Relationships Between Ca2+ Movement and Other Ions in Solution

The Ca loss detected by chemical analysis of discs exposed to high Mg concentrations

corresponds with the disappearance of calcium hydroxide (CH), as determined by XRD (Table 5).

However, Ca loss continued through 90 days, whereas CH was no longer detectable by 60 days.

This indicates that a substantial amount of Ca must have been lost from other phases in the hydrated

pastes in addition to that lost from calcium hydroxide.

In Figures 1 and 2, loss rates for all low-Mg solutions group together at the top of each Figure.

Loss rates are similar for solutions 1, 2, and 4, with high and moderate Mg, at 30 days age. At later

ages these curves diverge, with Ca loss from pastes appearing to continue at a faster rate in solutions

with the highest Mg (curves 1 and 2, Figures 1 and 2). The rate of Ca loss also correlated with the

concentration of Mg ion in the exposure solutions. If the early Ca losses are principally due to loss

of CH, then this part of the reaction mechanism occurs whether the Mg concentration is moderate or

high. There is an order of magnitude difference in the Mg concentration of the high-Mg solutions

compared to the moderate-Mg solutions (Table 1).

Comparison of Ca lost with Mg gained by the specimens indicated that there was not a simple

replacement of Ca by Mg in the pastes. The mechanism proposed earlier in this report indicates a

Ca-to-Mg ratio of 1 in the first phase of the deterioration reaction (i.e., replacement of CH by MH),

and a ratio of less than 1 in the second phase (i.e., formation of MSH). The changes in molar ratios

of Ca to Mg in the paste at any time in the experiment relative to the controls were heavily skewed to

values above one. Mg accumulation was not substantial until well after large amounts of Ca were lost

from the paste. Figure 9 shows a high ratio of Ca loss relative to Mg gain at early ages. This ratio

decreases with time, as Mg gain increases. Although Mg accumulation increased markedly by

90 days, molar ratios were still considerably above one.

There was no strong relationship between Ca movement from the hydrated paste and abundance

of any component of the exposure solution other than Mg. However, there was a weak pattern

involving sulfate ion concentration. Comparing the two high-Mg solutions (1 and 2), the one low in
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Figure 9. Molar ratio of Ca loss to Mg gain vs. exposure time.
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sulfate (solution 2) appeared to be associated with a greater loss rate of Ca than was the solution high

in sulfate (l). The difference was small, given the levels of experimental error associated with this

work, but the pattern duplicated almost identically in both the salted and non-salted specimens.

There is no step in the published proposed mechanism of Mg attack suggesting that the presence

of SOd should diminish the effect of Mg ion on Ca loss. To the contrary, it was expected that, if

there was an effect, it would be to enhance Ca loss through the opening of the paste microstructure

that sometimes occurs when calcium sulfoaluminate forms. The apparent reduced Ca loss in high SOd

conditions could be attributable to the formation of gypsum from reaction of sulfate and calcium ions.

Gypsum is a slightly soluble salt. Gypsum was detectable in the pastes exposed to high SO,

environment of solution 1.

Levels of Cl and SOJ in the exposure solution strongly affected the form taken by the released

Ca. For example, the Ca lost during exposure to solution 1, which was highly concentrated in Mg,

Cl, and SO,, contributed to gypsum that crystallized on the surface of the specimen. Ca levels in

solution did not increase much, evidently because most of the Ca stopped in this surface layer. In

contrast, after exposure to solution 2, which differed from solution 1 in that SOd was low, the Ca

concentration of the solution increased, and no Ca phases appeared on the surface of the specimen.

Relationships Between Cl- and S04=

Although Cl and SOQ ions did not appear to have much affect on Ca loss from the hydrated

cement system, these ions apparently were mobile. They reacted to form phases in the cement paste.

When Cl ion concentrations were high in solution and initially low in the paste, they moved into the

paste and reached equilibrium levels by the earliest test age, 30 days. When the reverse was true, the

Cl ions moved out of the paste, again reaching approximate equilibrium by 30 days. High Cl-ion

levels in the paste were associated with the formation of both halite and calcium chloroaluminate

(CCA), but these compounds were not stable enough to hold the Cl there against the strong

concentration gradient presented by low-Cl solutions.

As with Cl, S04 ions appeared to move readily into pastes when they were in high

concentration in solution. When Cl concentrations in the pastes were low initially, i.e. non-salt

specimens, the SOd formed calcium sulfoaluminate. Subsequent ingress of Cl did not appear to affect
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this phase. When Cl concentrations in the pastes were high initially, i.e. salt specimens, calcium

chloroaluminate formed and subsequent ingress of SOd resulted in the formation of gypsum.

Ettringite formed only if the Cl concentration in brine was low, so that all Cl-bearing phases were

leached out, allowing the sulfate to react with the aluminate phases. An example is seen in the salt

specimens exposed to solution 6, which was highly concentrated in SOq, but low in Cl and Mg. The

Cl was leached out and SOq was incorporated in the discs, forming first gypsum (by 14 days), then

ettringite (by 30 days; Table 5).
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DISCUSSION

Mechanism of Deterioration

From previously published hypotheses of the mechanism of deterioration as discussed in the

“Background” Chapter of this report, it was expected that Ca loss would be controlled by the action

of Mg ion and that the replacement of Ca by Mg would be about 1:1 on a molar basis, at least

initially. The results of this work support the hypothesis that the presence of Mg in an exposure

solution promotes Ca depletion from hydrated paste. However, the rate of accumulation of Mg

documented in this study does not indicate a simple one-for+ne molar replacement, as would occur

via the previously published mechanism.

A direct replacement of Ca by Mg may not be expected if the MSH is forming in large

quantities and it has a different bonding relationship with Si. There is some unpublished evidence to

suggest that the Mg-Si ratio in MSH is lower than the Ca-Si ratio in CSH. If this difference in ratios

is real, and if large amounts of MSH had formed, then the apparent imbalance between Mg and Ca

could be explained. However, there is no evidence in these data to indicate even the formation of

MSH, although it is difllcult to detect by the analytical methods used. Even if some MSH is forming,

the ratios Ca lost to Mg gained in the pastes probably are too large to be explained by this difference

in silicate bonding between CSH and MSH.

A notable amount of Mg(OH)z accumulated on the surfaces of the specimens that lost much Ca.

We do not hav”etotal chemical analyses of these precipitates, so it is not possible to look at Ca-Mg

ratios that include this source of Mg. However, the observed patterns suggest that Mg does not

remove Ca at the site in the cement paste where the Ca exists. It may act more remotely, perhaps in

a through-solution mechanism.

The Ca in the paste exists in two pools: in solution, and in solid phases such as CSH and

Ca(OH)z. The balance is far in favor of the solid phases. These two pools of Ca are in equilibrium

through the liquid phase, so Ca exchange occurs between them. Ca loss from both pools could be

explained as follows. The Ca in solution could move to the surface of the specimen, react there with

Mg, and leave a Mg compound as Ca is released into the solution. Removal of the solubilized form

of Ca causes more of the crystalline Ca compounds to go into solution, so the removal ultimately

involves Ca from both pools.
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As Ca is depleted from the near-surface regions of the specimen, the paste structure becomes

more open and the pH decreases.. This allows Mg2+ to diffuse readily toward the interior of the

sample establishing a new “front” for further removal of Ca.

Ca(OH)Jsolidl<a2+ +20H’-+A4g2+[solution]+Mg(OH)2+Ca2+

This mechanism of reaction implies differences in the relative mobility of Ca2+ and OH- ions,

compared to that of Mg2+ and Cl- ions. If the Ca and OH were more mobile, this would explain why

they would move to the surface of the specimen and there react with Mg and Cl, rather than Mg and

Cl moving into the specimen and reacting in place on the Ca compounds. If nobilities were about

equal, or if Mg and Cl were more mobile in the cement paste, then it would be expected that the

reaction would occur in the paste rather than at the surface of the specimen.

Although there are other controlling factors, the rate of diffusion of an ion should be related in

some way to the effective radius of that ion. Ions tend to react electrical y with water molecules,

increasing their effective radius in aqueous solutions over the actual ionic radius. The hydrated radii

of Cl- and OH- ions are similar: 30 nm for the former and 35 nm for the latter. The hydrated radius

of Mg2+, at 8 nm, is somewhat larger than the hydrated radius of Ca2+, at 6 nm, even though Ca is

larger than Mg. These relationships are consistent with the proposed hypothesis, but they probabl!l

represent a serious oversimplification. They require the assumption that cement paste is a highl!t

porous medium to which conventional diffusion equations apply. Cement pastes are microporous at

best, and many of the ions of interest here react with solid phases. Also, charges on solid-phase

surfaces are likely to play an important role (Chatterji and Kawamura, 1992).

An unresolved question in this investigation is the lack of identity for the Mg compounds

formed by the Mg that does accumulate in the pastes. MgO levels as high as 3.5% above controls

accumulated in at least one paste, but no detectable Mg compounds were identified by XRD.

According to the hypothesized deterioration mechar&m, it was expected that either MH or MSH

would be seen. MH is readily identifiable by XRD. If very much were present, it would have been

detected. The diffraction pattern for MSH, on the other hand, is poorly described. There is at least

one citation that indicates that MSH forms considerabley after CSH is destroyed (Bonen, 1992), so

perhaps its absence here is reasonable. It is notable that the exposure condition that resulted in the

greatest Ca loss, solution 2S, also resulted in the greatest Mg gain.
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Durability Implications

For the WIPP panel seals and other large concrete placements, the process of interest is the rate

at which the concrete might lose structural integrity. Given that the strength-giving phases of cement-

based concretes are Ca-containing compounds, it is reasonable to assume that degradation will be

approximately proportional to the rate at which Ca is lost from the paste fraction of the concrete.

There are other factors of this system that are important to long-term durability, as discussed below.

Ca is an essential component of several cementitious phases in concrete. CSH is generally

considered to be the most abundant and most important. Either loss of this phase or replacement of it

with MSH results in large strength loss of the paste. Calcium aluminate hydrates are important in

determining setting behavior and early strength, but loss of these phases is not as critical for long-

term strength.

Calcium hydroxide constitutes up to about 15% of hydrated cement paste (Lea, 1971). CH

generally is more porous than CSH, and is thought to be more susceptible to chemical degradation

processes than is CSH. Potentially more important, however, is the role of CH in bonding at the

paste-aggregate interface. Most concretes have an interracial zone of CH, surrounding all aggregate

particles and providing much of the bond between hydrated cement pastes and aggregates.

The strength of the paste-aggregate interface is very important in determining strength of

concrete, because this zone provides the bond between cement paste and aggregates (Bentz et al,,

1992). If this phase were preferentially removed, its loss could have implications for loss of concrete

strength that exceed its compositional level in the paste. The present study did not explore this

question, because the experimental matrix was designed to delineate chemical reactions between

brines and cement phases, so there were no aggregates. Other parameters of mixture proportioning,

especially water-cement ratio, also exert strong controls on pore structure and on the rate at which

strongly ionic fluids are transmitted to and through concrete. Efforts to use rate of Ca loss to

estimate deterioration in a real exposure scenario must deal with these complexities.

Understanding the seal system requires knowing how each component will react relative to each

other component: not only strength gain and response to

with

then

time. If all concrete components of the seal system

acceptable service of an appropriately proportioned
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presence of brine brings the potential for chemical deterioration, and the possibility that a concrete

may not maintain the properties measured at an early age.

Component materials and proportions can be selected to improve the chances of long-term

durability if you know what is the most likely problem. Identi@ing the potential mechanisms of

deterioration of concrete in WIPP brine is a necessary step in selecting component materials with

enhanced chemical resistance. The strict performance requirements of a waste repository will demand

that chemical properties and projected performance of a material are verified before its use. The

results of this study also will be used in establishing a chemical test protocol for concrete to be used

at the WIPP.
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Approaches to Determining Rate of Deterioration

Past work at WES on cement-based materials for use at the WIPP has indicated that

magnesium-based deterioration of hydrated portland cement materials is likely where Mg-ion

concentrations are high in the ground water. Although careful tailoring of the materials used as

components of concrete can mitigate and possibly delay the deterioration (Wakeley et al., 1993), some

degradation of structural integrity is likely over the long term, and its prevention is not guaranteed by

conventional variations in materials. Therefore, it is essential to develop the capability to estimate the

rate of loss of integrity under exposure conditions Iikely to be encountered at the WIPP.

Three approaches have merit: real-time exposures, accelerated-time exposures, and modeling

based on estimates of deterioration of small volumes of material. These are discussed individually

below.

The advantage of real-time exposure of relatively large-scale specimens to ground water is that

it minimizes the number of assumptions that must be made about the system. There are several

weaknesses. One is the extended time required to get enough deterioration to develop a reasonably

quantitative evaluation. Exposure of 2-in. mortar cubes required about a year to give measurable

results, and then the deterioration involved only the first few millimetres in from the surface of the

specimen. Another weakness is that results apply only to the specific materials and conditions

represented in the test, which taken with the problem of testing time creates a cumbersome evaluation

procedure. Still another problem exists in developing suitable evaluation criteria. Deterioration of

large specimens immersed in brine is not homogeneous throughout the specimen, but develops as a

slow-moving zone of deterioration from the outside. Measuring compressive strength then indicates

an average integrity of the specimen and is not sensitive to zoning or other details of the deterioration

process. Measuring some property such as fundamental frequency could be used to indicate rate of

deterioration, but it is difficult to interpret the implications of such a test directly to engineering

properties and field performance.

Accelerated-time testing such as exposure to higher temperature is an improvement on real-time

testing, in that it can reduce the effect of cumbersome time-related problems. However, scaling

results to real time is difficult unless there is some extended real-time data with which to calibrate the

accelerated test method.
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Another approach is to measure real-time rate of deterioration on a specimen small enough that

significant effects can be observed in a short time. These effects then can be extrapolated to a larger

mass of concrete through a mathematical model. If the specimen is small enough, then changes at a

specific time can be considered to be homogeneous throughout. Consequently, evaluation criteria are

more easily interpreted. The negative side of this approach is that assumptions are required about the

way deterioration spreads, beyond the small unit volume in direct contact with the solution to other

unit volumes located farther from the surface. The simplest assumption, is one in which deterioration

on the surface is linearly extrapolated into the specimen. This probably results in the worst-case

scenario, but may be too simple. It is possible that deterioration on the surface of the concrete will

retard the rate of deterioration of subsurface material.

This third approach has another advantage. Modeling allows the convenient exploration of

many conditions, such as brine flow scenarios and Mg concentration profiles, without the

encumbrance of real-time testing. Given the relatively rapid rate of reactions observed in this study,

a combination of real-time testing and modelling is recommended.

Subsequent work at WES will explore the microstructure of concrete specimens before and after

brine exposure. Results of this work are being analyzed to determine whether the loss of Ca ions

occurs through general mass loss, or if it causes localized opening of the pore structure.

Deterioration had progressed only about 1 mm into samples exposed to high-magnesium brine for

15 months. This work will be reported during 1994, and should provide another tool to use in

determining implications for long-term integrity of concrete seals. These early results indicate that

deterioration is very slow even where brine supply is unlimited and a large surface area is exposed.
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CONCLUSIONS

Deterioration of portland cement pastes in brines containing

S04 is due principally to the reaction between the Mg in solution

high concentrations of Mg, Cl, and

and the Ca in the hydrated cement.

Other salts are less important in the relatively low-aluminate system investigated. The results support

the hypothesis of deterioration by Ca loss in the presence of Mg. Calcium hydroxide was shown to

be the principal source of Ca ions removed by this reaction, accompanied by softening of the paste.

This loss is not accompanied by deposition of MH in the cement paste. But, MH accumulated on

surfaces and as a suspended phase. More Ca leaves the cement paste than can be accounted for by

the CH. Yet some CSH persisted. We found no evidence for formation of MSH, thought previously

to be the principal phase that forms during Mg-related deterioration.

Accumulation of Mg in cement paste does not directly indicate deterioration. Consistently, far

more Ca leaves than the amount of Mg that is added to the crystalline phase assemblage remaining as

deteriorated cement paste. Because the strength of a concrete is attributed by Ca-bearing phases, Ca

loss from the cementitious system should be a useful tool with which to investigate deterioration of

candidate systems: knowing amount of Ca lost should permit calculation of loss of structural

integrity. Determining which pools of Ca are most affected and how this relates to physical

properties will provide an essential tool for establishing a standard chemical testing protocol for

concretes to be used at the WIPP.
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APPENDIX A: PROPORTIONS OF SALADO MASS CONCRETE, AND
PROPERTIES OF CEMENT AND STANDARD BRINE
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Table A-1. Mixture Pro~ortions. Salado MWS Concrete

Mixture/Component lb/yd3

Cement, Class H, sulfate-resistant oil 190
well cement

Class F Fly Ash ! 263

Fine Aggregate 1,294

Coarse Aggregate 1,658

salt 84

Chem Comp 110

Na Citrate 3.5

Air Detraining Agent 5.6

Water 246

Table A-2. Chemical and Physical Description of Class H Oilwell Cement,
HAN-1 C-1

Chemical Analysis

Property

SiOz
AloO~
F~Og
CaO
MgO
SOS
Loss on Ignition
Insoluble Residue
N~O
KZO
TiOz
P*05
C,A
C3S
C2S
C,AF

Analysis (%)

22.4
4.0
3.9

64.0
1.5
2.6
0.7
0.26
0.28
0.63
0.22
0.08
5

49
27
12

Physical Properties

Property

Surface Area (Maine)

Autoclave
Expansion

Initial Set (Gil)
Final Set (Gil)

Air Content

3day Strength
7day Strength

Analvsis

235 m’lkg

-0.03%

155 min
205 min

9%

1490 psi
2420 psi
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Table A-3. Composition of Brine Used as EDX Standard

Component Concentration (gm/100 ml)

NaC1, reagent grade 10.00

MgC12.2Hz0, reagent grade 19.37

MgSOd.7H20, reagent grade 4.00

KC1, reagent grade 3.00

CaClz.2Hz0, reagent grade 0.73

Fe, 1000 ppm spectral standards 0.004 (40 ppm)

Al, 1000 ppm spectral standards 0.001 (10 ppm)

Si, 1000 ppm spectral standards I 0.025 (250 ppm)

A-4



APPENDIX B: DESCRIPTION OF SURFACE DEPOSITS ON DISCS AFTER
60 DAYS EXPOSURE TIME
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APPENDIX B: DESCRIPTION OF SURFACE DEPOSITS ON DISCS AFTER
60 DAYS EXPOSURE TIME

Fivedigit sample designator is solution number, salt or non-salt (S or N), and age (days).

01N60: Disc was covered with thick white deposits, in clumps and patches of needle-like
crystals.

01S60: Looked basically the same as 01N60 with fewer needles.

02N60: Thick, clear to white crystalline material covered the disc.

02S60: Looked the same as 02N60, but had less material on the disc.

03N60: The brine solution was cloudy, and the disc had white precipitate only on the outer
rim with minimal clear crystalline precipitate on the rest of the surface.

03S60: The brine solution was cloudy, and the disc had a thin precipitate layer continuous
over its surface.

04N60: A clear-to-white precipitate layer covered entire disc; precipitate on the bottom of
the container.

04S60: Looked the same as 04N60.

05N60: The brine solution was cloudy. There was no precipitate on the disc, but there
were small cubic crystals in patches on the surface.

05S60: Same as 05N60, but fewer patches.

06N60: The brine solution was cloudy. The whole disc was covered with small clear
crystalline patches.

06s60: Brine solution was cloudy, and the disc had the same appearance as 06N60.

07N60: Clear brine, and no precipitate on the disc.

07S60: Same as 07N60.
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APPENDIX C: UNCORRECTED AND Fe-CORRECTED CHEMICAL ANALYSIS
OF DISCS
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APPENDIX C: UNCORRECTED AND Fe-CORRECTED CHEMICAL ANALYSIS
OF DISCS

Uncorrected II

SAS 10:29 Tuesday, January 26, 1993 65

OBS COND AGE CaO MgO SiOz S04 cl A~O~ F~O~ N%O

52 Cs 30 56.0 1.31 19.6 2.29 7.57 3.50 3.42 4.92

53 Cs 60 56.8 1.27 18.0 2.12 7.65 3.32 3.43 4.90

54 Cs 90 56.8 1.23 18.1 2.39 9.00 3.30 3.32 6.84

4 1s 30 52.9 1.67 21.4 3.19 11.32 3.85 3.97 4.96

5 1s 60 50.8 2.13 23.0 3.41 10.64 4.53 4.65 2.08

6 1s 90 49.2 2.46 24.5 4.14 13.46 4.81 4.94 5.28

10 2s 30 52.9 1.89 22.1 2.96 12.06 4.00 4.09 5.41

11 2s 60 49.4 3.42 23.7 2.76 10.53 4.69 4.95 2.20

12 2s 90 45.1 7.61 27.5 3.04 12.55 5.58 5.10 4.15

16 3s 30 57.5 1.28 18.6 3.70 7.64 3.29 3.49 5.97

17 3s 60 57.6 1.34 18.6 3.36 7.39 3.47 3.70 5.72

18 3s 90 58.4 1.35 19.9 3.99 7.62 3.72 3.58 5.80

22 4s 30 57.6 1.64 24.4 5.39 3.93 4.29 4.17 0.86

23 4s 60 58.5 1.70 23.9 4.58 2.65 4.42 4.42 0.43

24 4s 90 58.5 1.76 26.0 5.52 5.52 4.94 4.42 0.44

28 5s 30 59.0 1.32 20.0 1.46 7.44 3.48 3.50 2.84

29 5s 60 57.5 1.23 18.9 0.90 6.92 3.49 3.72 2.67

30 5s 90 59.5 1.30 21.1 1.08 7.73 3.86 3.56 2.89

34 6S 30 59.6 1.34 20.8 7.14 1.13 3.51 3.56 0.91

35 6S 60 59.2 1.33 19.9 7.08 0.68 3.53 3.71 0.77

36 6S 90 61.2 1.43 22.2 8.43 0.70 3.97 3.75 1.43

40 7s 30 63.0 1.37 21.9 2.41 1.65 3.74 3.54 0.53

41 7s 60 62.5 1.37 21.2 2.23 1.31 3.80 3.68 0.15

42 7s 90 63.9 1.38 22.6 2.55 1.19 4.17 3.73 0.12

46 8S 30 62.0 1.32 20.4 2.29 1.66 3.53 3.69 0.39

47 8S 60 62.0 1.39 21.3 2.25 1.32 3.82 3.75 0.15

48 8S 90 64.5 1.58 24.7 2.75 1.49 4.60 3.78 0.33
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Uncorrected II
OBS COND AGE CaO MgO SiO, so. cl AIQO~ F~O, N~O

49 CN 30 61.6 1.43 20.9 2.49 0.07 3.91 3.61 0.26

50 CN 60 62.4 1.38 19.7 2.53 0.40 3.68 3.59 0.51

51 CN 90 63.2 1.50 22.5 2.74 0.05 4.42 3.61 0.33 ‘

1 lN 30 54.4 1.76 22.3 3.95 9.12 4.21 4.06 2.73

2 lN 60 53.0 2.47 22.7 4.31 9.82 4.49 4.41 2.00

3 lN 90 49.3 3.34 24.3 4.62 11.78 4.91 4.60 4.50

7 2N 30 55.4 2.14 21.4 3.28 8.36 4.39 4.10 2.37

8 2N 60 52.0 2.19 23.7 3.29 8.96 4.59 4.35 2.47

9 2N 90 50.5 3.14 26.8 3.66 10.21 5.34 4.53 2.08

13 3N 30 58.5 1.32 18.6 3.86 6.15 3.43 3.50 4.40

14 3N 60 58.7 1.43 18.7 4.49 6.03 3.60 3.50 4.22

15 3N 90 59.7 1.46 20.6 4.62 5.31 4.01 3.53 3.75

19 4N 30 57.7 1.78 24.1 5.13 2.49 4.63 4.63 0.48

20 4N 60 57.1 1.63 22.5 4.92 2.36 4.28 4.20 0.44

21 4N 90 58.4 1.81 26.1 5.74 1.84 5.17 4.50 0.37

25 5N 30 57.9 1.36 19.2 2.32 6.75 3.57 3.49 4.17

26 5N 60 57.8 1.36 19.2 2.08 6.21 3.59 3.48 2.72

27 5N 90 60.0 1.31 20.3 2.10 6.52 3.81 3.66 3.38

31 6N 30 61.1 1.55 20.3 5.94 0.35 3.75 3.55 0.42

32 6N 60 59.0 1.42 19.1 7.39 0.78 3.59 3.58 0.77

33 6N 90 61.5 1.45 21.5 8.99 0.25 4.17 3.62 0.56

37 7N 30 61.6 1.54 22.1 2.83 0.67 4.10 3.59 0.16

38 7N 60 62.1 1.52 20.9 2.56 0.19 4.14 3.65 0.17

39 7N 90 62.3 1.50 22.5 2.68 0.05 4.38 3.68 0.11

43 8N 30 63.7 1.51 21.7 2.73 0.06 4.05 3.72 0.11

44 8N 60 62.2 1.50 21.9 2.84 0.20 3.97 3.64 0.25

45 8N 90 63.6 1.60 24.1 2.80 0.05 4.74 3.77 0.18
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CORRECTED BY Fe-RATIO METHOD

OBS I COND I AGE I CaO MgO SiOz so, cl AlzOa

m

NuO I CF

T

4.88 0.991

4.84 0.988

6.98 1.02127 I CS I 90 I 58.00

+-H-R+%1.43 18.27 2.72 9.67 3.29

1.55 16.77 2,49 7.76 3.30 -%t%-

3 1s 90 33.76

4 2s 30 43,85

1.69 16.81 2.84 9.24 3.30

1.57 18.32 2.45 10.00 3.32

3.62 I 0.686

4.48 I 0.829

*

2.34 16.23 1.89 7.21 3.21

5.06 18.28 2.02 8.34 3.71

%-l-+%%
*

7.42 3.20

6.77 3.18

7.22 3.52

w

+-Eta=
*

5.80 0.971

5.24 0.916

5.49 0.9479 3s 90 55.30

10 4s 30 46.83

1.28 18.84 3.78

1.33 19.84 4.38 =--l-%-1.30 I 18.33 I 3.51w
5s 60 52.40

5s 90 56.66

&

16 6S 30 56.75

17 6S 60 54.09

18 6S 90 55.32

~

19 7s 30 60.33

7s 60 57.57

21 7s 90 58.08

&

22 8S 30 56.96

23 8S 60 56.05

*

1.35 19.94 4.23 4.23 3.79

1.28 19.37 1.41 7.21 3.37

6.31 3.18

7.36 3.68

2.43 I 0.911

2.75 I 0.952

1.28 19.81 6.80 1.08 3.34

1.22 18.18 6.47 0.62 3.23 -%--l%
1.29 20.07 7.62 0.63 3.59

1.31 20.97 2.31 1.58 3.58

1.29 I 0.904

0.51 I 0.958

1.26 19.53 2.05 1.21 3.50

1.25 20.54 2.32 1.08 3.79

0.14 0.921

0.11 0.909

w *

*

0.36 0.919

0.14 0.904

0.30 0.8971.42 I 22.15 I 2.47 I 1.34 I 4.1324 I 8S I 90 I 57.85
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OXIDE ANALYSIS CORRECTED BY Fe-IL4TI0 METHOD 1

OBS COND AGE CaO MgO SiOz so, cl AlzO~ N~O CF ]

25 CN 30 61.43 1.43 20.84 2.48 0.07 1.90 0.26 0.997

26 CN 60 62.57 1.38 19.75 2.54 0.40 3.69 0.51 1.003

27 CN 90 63.02 1.50 22.44 2.73 0.05 4.41 0.33 0.997 1

1 lN 30 48.24 1.56 19.77 3.50 8.09 3.73 2.42 0.887

2 lN 60 43.27 2.02 18.53 3.52 8.02 3.67 1.63 0.816

3 lN 90 38.58 2.61 19.02 3.62 9.22 3.84 3.52 0.783 !

4 2N 30 48.64 1.88 18.79 2.88 7.34 3.85 2.08 0.878

5 2N 60 43.03 1.81 19.61 2.72 7.42 3.80 2.04 0.828

6 2N 90 40.13 2.50 21.30 2.91 8.11 4.24 1.65 0.795 1

7 3N 30 60.17 1.36 19.13 3.97 6.33 3.53 4.53 1.029

8 3N 60 60.38 1.47 19.23 4.62 6.20 3.70 4.34 1.029

9 3N 90 60.88 1.49 21.01 4.71 5.42 4.09 3.82 1.020 1

10 4N 30 44.86 1.38 18.74 3.99 1.94 3.60 0.37 0.778

11 4N 60 48.94 1.40 19.29 4.22 2.02 3.67 0.38 0.857

12 4N 90 46.72 1.45 20.88 4.59 1.47 4.14 0.30 0.800 1

13 5N 30 59.72 1.40 19.81 2.39 6.96 3.68 4.30 1.032

14 5N 60 59.79 1.41 19.86 2.15 6.42 3.71 2.81 1.034

15 5N 90 59.02 1.29 19.97 2.07 6.41 3.75 3.32 0.984 1

16 6N 30 61.96 1.57 20.59 6.02 0.35 3.80 0.43 1.014

17 6N 60 59.33 1.43 19.21 7.43 0.78 3.61 0.77 1.006

18 6N 90 61.16 1.44 21.38 8.94 0.25 4.15 0.56 0.994 1

19 7N 30 61.77 1.54 22.16 2.84 0.67 4.11 0.16 1.003

20 7N 60 61.25 1.50 20.61 2.52 0.19 4.08 0.17 0.986

21 7N 90 60.95 1.47 22.01 2.62 0.05 4.28 0.11 0.978 1

22 8N 30 61.65 1.46 21.00 2.64 0.06 3.92 0.11 0.968

23 8N 60 61.52 1.48 21.66 2.81 0.20 3.93 0.25 0.989

24 8N 90 60.73 1.53 23.01 2.67 0.05 4.53 0.17 0.955 1
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